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Abstract: This study investigated the adjunctive effects of Antrodia cinnamomea mycelial
fermentation broth (4C-MFB), a Taiwanese medicinal fungus, in enhancing the radiosensi-
tivity of esophageal cancer cells. Human CE81T/VGH squamous and BE3 adenocarcinoma
esophageal cancer cells were used in this study. A colony formation assay showed that pre-
treatment with AC-MFB decreased the survival of irradiated esophageal cancer cells, with a
maximum sensitizer enhancement ratio of 1.91% and 37% survival. A DNA histogram study
showed that AC-MFB pretreatment enhanced cell cycle arrest at the G2/M phase, the most
radiosensitive phase. An immunofluorescence assay and a Western blotting assay showed that
AC-MFB delayed the abrogation of y-H2AX, upregulated p21 expression, and attenuated the
radiation-induced phosphorylation of ataxia telangiectasia-mutated kinase and checkpoint kinase
2. An in vivo validation study showed that AC-MFB treatment tended to have a synergistic
effect with radiation on the tumor growth delay of CE81T/VGH cells in BALB/c mice. These
data suggest that this edible fungus product could enhance the effect of radiotherapy against
esophageal cancer.
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Introduction
Esophageal cancer is associated with a high mortality rate, with average 5-year survival
rates not exceeding 25%.' Locally advanced esophageal carcinoma is often refractory to
current therapeutic approaches, and its prognosis is poor.? Concurrent chemoradiotherapy
(CCRT) is now recommended as a standard treatment for locally advanced, unresectable,
or inoperable disease. Although various treatment methods, including surgical interven-
tion, CCRT, and chemotherapy regimens, are available, esophageal cancer carries a very
poor prognosis, with a median survival time of 29 months and 3- and 5-year survival rates
of 44.7% and 36.8%, respectively.>* Cisplatin is the major chemotherapeutic drug most
widely used for CCRT for esophageal cancer, for which extensive clinical evidence is
available. However, the associated renal toxicity and resistance to this drug remain major
concerns. Therefore, novel and potent compounds that can control or ameliorate both local
and distant tumor progression in patients with esophageal cancer are urgently needed.
Antrodia cinnamomea, also known as niu-chang-chih, Taiwanofungus camphorate,
or Antrodia camphorata, is a medicinal fungus indigenous to Taiwan that grows on
decayed Cinnamomum kanehirai>® A. cinnamomea has been shown to exhibit anti-
cancer properties,”” and many studies have attempted to determine its exact bioactive
compounds.'® 2 For example, Chen et al has reported that the oral administration of
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A. cinnamomea fruiting bodies significantly increases the
lifespan of ATCC BNL IMEA.7R.1 hepatoma-bearing mice." It
has also been reported that polysaccharides from 4. cinnamomea
myecelia extract can inhibit the angiogenic activities of endothe-
lial cells."* 4. cinnamomea crude extract has been reported to
be an antimetastatic agent with antiproliferative activity that
acts by inducing accumulation of cells in the G2/M phase in
bladder cancer T24 cells.” In addition, it has been shown to
inhibit the growth of androgen-independent PC-3 prostate
cancer cells via G2/M phase arrest mediated by the regulation
of p21 and cyclin B1/Cdc2.!¢ Because cells in the G2/M phase
are the most sensitive to radiation, the use of agents that cause
G2/M arrest, such as A. cinnamomea extract, may represent a
design strategy for the development of a novel radiosensitizer.
Though we have shown that A. cinnamomea mycelial fermenta-
tion broth (4 C-MFB), a biotechnological product, could inhibit
the growth of hepatocellular carcinoma cells both in vivo and
in vitro,"” the radiation enhancement effect of 4C-MFB has
never been studied. In the present study, we will investigate
the role and possible mechanism of 4C-MFB in enhancing the
radiosensitivity of human esophageal cancer cell lines.

Materials and methods

Cell cultures

The cell lines used in this study included CE81T/VGH, an
esophageal squamous cell line, and BE3, an adenocarci-
noma (ADC) cell line. CE81T/VGH was kindly provided by
Professor Cheng-Po Hu (Department of Life Science, Tunghai
University, Taichung, Taiwan). BE3 esophageal ADC cells
were kindly provided by Dr Wen-Chien Huang (Department
of Chest Surgery, Mackay Memorial Hospital, Taipei, Taiwan).
The cell lines were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM/high glucose, Thermo Fisher Scientific,
Waltham, MA, USA) containing 10% fetal bovine serum (FBS;
Biological Industries, Cromwell, CT, USA), 1x nonessential
amino acids (Corning Incorporated, Corning, NY, USA), | mM
sodium pyruvate (Corning Incorporated), and 5 pg/mL G418
(Sigma-Aldrich Co., St Louis, MO, USA) at 37°C in a humidi-
fied incubator under 5% CO, and 95% air. Luciferase genes
were transfected into both cell lines for optical imaging. The
cells were passaged every 2—3 days upon reaching 80% con-
fluence and were maintained in an exponential growth phase.

Plant materials, fermentation, and

characterization

A. cinnamomea strain B137, identified by the fungi specialist
Dr TT Chang (Taiwan Forestry Research Institute, Taipei,
Taiwan), was maintained on pasteurized potato dextrose agar
in Petri dishes and transferred to fresh medium at 1-month

intervals. Mycelial agar discs (eight pieces, 0.5 cm each) were
obtained with a sterilized tip and used to inoculate a shaking
flask preculture. The preculture medium (LM-B) consisted of
the following components (mg/mL): 30 glucose, 20 sucrose,
15 yeast extract, 13 peptone, 0.3 MgSO,, 0.3 KH,PO,, and
0.3 K,HPO,, with an initial pH of 4.0. For the preculture,
200 mL of medium was prepared in a 500 mL flask and inocu-
lated, followed by a 7-day incubation at 28°C on a rotary shaker
(100 rpm). For a series of experiments, 100 mL of medium
(LM-B) was prepared in a 500 mL flask and inoculated with a
mycelium suspension (6%) from the preculture broth, followed
by a 14-day incubation at 28°C on a rotary shaker (100 rpm)
with a final mycelial dry cell weight of 3.055 g/L and a pH of
3.88. The fermentation product was then harvested and poured
through nonwoven fabric on a 20-mesh sieve to separate
the deep-red fermented culture broth and mycelia, followed
by centrifugation at 3,000x g for 10 minutes and then by a
passage through a 0.22 um pore-size filter. Next, the culture
broth (1.0 L) was concentrated into a colloid (47.6 mg) under
vacuum and stored at —30°C before analysis.!” The AC-MFB
colloid was redissolved and directly used in the study with-
out further extraction. The polysaccharide components of
AC-MFB were used in quantitation analysis for standardiza-
tion in this study. A phenol-sulfuric acid assay, a colorimetric
method, was employed to determine the total concentration of
carbohydrates present in AC-MFB.820

Assessment of cell viability

Cells were seeded at a density of 5x10* cells per well onto a
24-well plate (Orange Scientific, Braine-1’ Alleud, Belgium)
and incubated for 24 hours prior to drug treatment. The cells
were harvested at 2472 hours after treatment with various
concentrations of 4C-MFB. The 3-(4,5-dimethylthiazol-2-y1)-
2,5-diphenyl tetrazolium bromide (MTT) assay was used to
determine cell viability.?! All tests and analyses were per-
formed in triplicate.

Morphology

Liu’s Stain technique is a modified version of the Romanowsky
Stain technique (Baso, Taichung City, Taiwan).* For
morphological observation, the cells were seeded onto a slide
after treatment with AC-MFB or vehicle alone and were then
stained with Liu’s Stain to observe morphological changes under
an Olympus light microscope at a magnification of x400.

Drug treatment and delivery of radiation

For radiation sensitization, the cells were pretreated with
0.5 mg/mL AC-MFB for 24 hours. They were then washed,
and 6 MeV of electron-beam energy was delivered by a linear
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accelerator (Clinac 1800; Varian Associates, Inc., Palo Alto,
CA, USA). The dose rate was 2.4 Gy/min, with doses of 0.5,
1, 2,4, or 6 Gy administered in a single fraction. Full electron
equilibrium was ensured for each fraction using a parallel-
plate ionization chamber (PR-60C; Capintel, Inc., Ramsey,
NJ, USA). After irradiation (IR), the cells were plated for a
colony formation assay.

Colony formation assay

Viable tumor cells (200 for CE81T/VGH and 500 for BE3)
were plated onto a six-well cell culture plate and allowed
to grow in DMEM/high-glucose medium containing 10%
FBS at 37°C in a humidified incubator with 5% CO,. After
14 days, the dishes were stained with 3% crystal violet. Colo-
nies containing 50 cells or more were counted. The surviving
fraction is the mean number of colonies/(the cells inocu-
lated x the plating efficiency). The control plating efficiencies
for the BE3 and CE81T/VGH cells ranged from 40% to 60%.
Survival curves were fitted using a linear-quadratic model.?
The sensitizer enhancement ratio was calculated as the dose
ofradiation needed for IR alone divided by that necessary for
AC-MFB plus IR to yield a surviving fraction of 37%.

o . D,(without sensitizer)
Sensitization enhancement ratio =

D, (with sensitizer)

D, is the final slope of the survival curves fitted using a
linear-quadratic model.

Flow cytometric analysis for cell cycle

distribution

The flow cytometry assay was performed for the analysis of
the effect of AC-MFB on cell cycle distribution.?* For cell
cycle analysis, after 24 hours of treatment with AC-MFB
and 24, 48, and 72 hours after radiation, the cells were har-
vested and fixed with 70% ethanol at 4°C overnight. They
were then stained for 30 minutes with a solution containing
0.5 mg/mL propidium iodide and 2 mg/mL RNase obtained
from a reagent kit (CycleTest Plus DNA; Becton Dickinson,
Lincoln Park, NJ, USA). The DNA content was determined
using a flow cytometer (FACSCalibur; Becton Dickinson).
Data from 10° cells were collected and analyzed using soft-
ware (ModFit; Becton Dickinson).

Measurement of apoptosis by flow
cytometry
After incubation with various concentrations of AC-MFB for

24 hours, the cells were harvested, washed with phosphate-
buffered saline (PBS), and resuspended (1x10° cells/mL) in

Annexin-V-FLUOS labeling solution (Annexin-V-FLUOS
staining kit, Roche Applied Science, Penzerg, Germany)
for 15 minutes in the dark at 37°C. The fluorescence was
analyzed using a FACSCalibur flow cytometer (Epics Altra,
Beckman Coulter, Tainan, Taiwan). Green fluorescence was
measured to indicate the proportion of cells undergoing apop-
tosis (fluorescein isothiocyanate-conjugated Annexin-V),
and red fluorescence (propidium iodine) was measured to
indicate the proportion of necrotic cells.

Immunofluorescence analysis of y-H2AX

expression

Phosphorylated y-H2 AX forms microscopically visible foci,
and the number of phosphorylated y-H2AX foci correlates
well with the number of double-strand breaks induced by
low-LET radiation.” For the immunofluorescence staining of
v-H2AX, CE81T/VGH human esophageal cancer cells were
treated with 0.5 mg/mL AC-MFB for 24 hours, IR (2 Gy), or
AC-MFB plus IR. The cells were harvested from 5 minutes
to 6 hours after exposure to radiation, washed, fixed in 4%
paraformaldehyde for 10 minutes and permeabilized in 1%
Triton-X-100 in ddH,O for 5 minutes. After being washed
with wash buffer (PBS and 1% FBS), the cells were exposed
to 4% FBS in PBS before incubation with a primary rabbit
antihuman monoclonal antibody against H2AX phosphory-
lated at serine 139 (1:400 dilution; Cell Signaling, Danvers,
MA, USA) and a rhodamine red-conjugated goat antirabbit
immunoglobulin G secondary antibody (1:200 dilution;
Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA, USA). The cells were then incubated in Hoechst 33342
(Sigma-Aldrich Co.) to stain the cell nuclei. The slides were
observed using an Axiophot fluorescence microscope (Carl
Zeiss Meditec AG, Jena, Germany) equipped with a digital
camera system (Carl Zeiss AxioCam HRm, v.2.0, black and
white version, Carl Zeiss Meditec AG). The experiments
were repeated at least three times.

Western blot analysis

Western blotting is a widely used analytical technique for
the detection of specific proteins in a sample of tissue homo-
genate or extract.’® For Western blot analysis, the cells were
cultured with 1.0 mg/mL AC-MFB for 24 hours, 3 Gy of
IR, or AC-MFB plus IR for an additional 1 or 6 hours. The
cellular proteins were extracted, quantified, and subjected to
gel electrophoresis using 5%—-10% (wt/vol) sodium dode-
cyl sulfate polyacrylamide gels. The protein samples were
then blotted onto a nitrocellulose membrane (BioTrace).
Primary antibodies were used following dilution and were
detected with a goat antimouse antibody (Merck Millipore,
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Darmstadt, Germany) or a goat antirabbit antibody (Jackson
ImmunoResearch Laboratories, Inc.), after which enhanced
chemiluminescence kits were used (T-Pro Biotechnology,
New Taipei City, Taiwan). An antibody against actin was
used as an internal control.

In vivo tumorigenesis and toxicity assay

in mice

A subcutaneous xenograft animal model was used for a tum-
origenesis assay. Specific pathogen-free male BALB/c nude
mice (4 weeks old, 25-28 g) were obtained from the National
Laboratory Animal Center (Taipei, Taiwan) and maintained
under pathogen-free conditions. The animals were kept at our
animal facility for at least 2 weeks before use. All of the mice
were between 6 and 8 weeks of age and were cared for fol-
lowing the Guide for the Care and Use of Laboratory Animals
(NIH publication no 85-23, revised in 1985). The mice were
subcutaneously injected with 1x10” CE81T/VGH cells into the
flank, and eight mice were placed into each group. The animals
were treated with different protocols, including oral feeding
by feeding tube with 100 UL of 1.0 mg/mL AC-MFB or with
100 pL of a normal saline vehicle for 34 days. Local radio-
therapy was delivered at 3 Gy in three consecutive fractions
on the first, third, and fifth days of treatment. The tumor size
for each mouse was measured with a caliper and calculated by
the following formula, where W is the shortest dimension and
L is the longest dimension in centimeters: L x #?/2. The tumor
size was estimated every 2 to 3 days after the size increased to
0.1 mm?. The white blood cell (WBC) count and body weight
were used as markers for the toxicity assay. Blood samples
were collected every 3 days to obtain WBC counts. The study
and the protocol used in this study were approved by the Insti-
tutional Animal Care and Use Committee, MacKay Memorial
Hospital, Taiwan (IACUC approval no MMH-A-S-99051).

Statistical analysis

The data are expressed as the mean * standard error of the
mean. Statistical software (Statistical Package for the Social
Sciences, version 10.0; SPSS Inc., Chicago, IL, USA) was
used to analyze the data. Significant differences (P<<0.05)
between the mean of the two test groups were analyzed by
analysis of variance.

Results
Effect of AC-MFB pretreatment on the
viability and radiosensitivity of esophageal

cancer cells
To evaluate the ability of AC-MFB to sensitize tumor cells
to IR, nontoxic doses (resulting in cell viability of >75%)

were estimated in vitro before the radiosensitization
experiments. After 24 to 72 hours of exposure, AC-MFB
inhibited the viability of both CE81T/VGH and BE3 cells
in a time- and dose-dependent manner (P<<0.001). The IC_,
values of AC-MFB in CE81T/VGH and BE3 cells were 1.0
and 1.1 mg/mL, respectively. The highest nontoxic dose of
AC-MFB for the CE81T/VGH and BE3 cells was 0.5 mg/mL
at 24 hours (Figure 1A and B).

IR of untreated CE81T/VGH and BE3 cells at doses rang-
ing from 0 to 6 Gy reduced the surviving fractions to 23% and
25%, respectively. Pretreatment with 0.5 mg/mL AC-MFB
markedly decreased the survival of irradiated CE§1T/VGH
tumor cells (Figure 1C and D). The sensitizer enhancement
ratios were 1.91 and 1.54 for CE81T/VGH and BE3 cells,
respectively, at an AC-MFB dose of 0.5 mg/mL.

Effect of AC-MFB on the cell cycle

distribution of CE8IT/VGH cells

We evaluated the effect of AC-MFB on cell cycle distribu-
tion under the same conditions that affected radiosensitivity
using DNA histograms. After 24 hours of treatment with
0.5 or 1.0 mg/mL AC-MFB, the proportion of cells in the
GO0/G1 phase was decreased compared with the proportion
of GO/G1 cells in the untreated cells. In contrast, the per-
centage of cells in the S phase slightly increased (Figure 2).
The proportion of cells in the G2/M phase was markedly
sustained at 25.3%%8% to 10.9%x4% versus 24.9%x5% to
19.3%xt12% without or with 1.0 mg/mL 4AC-MFB pretreat-
ment, respectively. IR affected the cell cycle distribution by
rapidly increasing the proportion of cells in the G2/M phase
at 24 hours (from 25.3% to 34.6%), followed by marked
decreases at 48 hours (15.1%) and 72 hours (11.3%), indicat-
ing the occurrence of a DNA damage response followed by
repair. In contrast, pretreatment with AC-MFB maintained
the proportion of G2/M cells at 25.9% at 24 hours and 25.2%
at 48 hours, whereas the proportion decreased to 15.5% at
72 hours in the irradiated cells. These findings indicate that
AC-MFB pretreatment may block the restoration of the cell
cycle after radiation by affecting DNA damage repair.

AC-MFB induces the apoptosis of CE-
81T/VGH cells

In accordance with the changes in the DNA histogram, IR
caused moderate mitotic arrest in CE-81T/VGH cells, and
AC-MFB pretreatment further enhanced the accumulation
of mitotically arrested cells at 24 hours (Figure 3A-D).
The Annexin-V assay showed that 4C-MFB increased
the apoptosis rate from 2.00%20.46% to 9.18%=x1.40%
and 13.34%x1.51% with 0.5 and 1.0 mg/mL 4C-MFB,
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Figure | Effects of AC-MFB on human esophageal cancer cells.

Notes: Pretreatment with AC-MFB inhibited cellular viability of CE81 T/VGH SCC cells (A), BE3 ADC cells (B), and enhanced radiation effects on the CE81T/VGH SCC cells (C)
and BE3 ADC cells (D). Both cells were treated with 0.1-5.0 mg/mL of AC-MFB for 24, 48, and 72 h, then determined using an MTT assay for cell viability assay. In radiation
sensitivity study, cells were treated with 0.5 mg/mL AC-MFB for 24 h before irradiation. Radiation doses of 0.5, I, 2, 4, or 6 Gy were given in a single fraction. Data are
expressed as mean + SD for three independent experiments.

Abbreviations: AC-MFB, Antrodia cinnamomea mycelial fermentation broth; ADC, adenocarcinoma; Gy, gray; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo; h, hours;
SCC, squamous cell carcinoma; SD, standard deviation.

respectively (P=0.001 and P=0.0003) (Figure 3E). There ~Effect of AC-MFB on the regulation of the
was also a statistically significant synergistic increase inthe  DNA damage-repair machiner’y

apoptosis rate noted from 2.64%+1.17% to 10.11%%0.23%  Pretreatment with 4C-MFB delayed the abrogation
withIR and 0.5 mg/mL AC-MFB and to 37.37%=*13.41% with ~ of the IR-induced expression of y-H2AX, an indica-
IR and 1.0 mg/mL 4C-MFB (P=0.0004 and P=0.011). tor of DNA double-strand breaks, as demonstrated by
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Figure 2 Effect of AC-MFB on cell cycle.

Notes: CE8IT/VGH cells that were not treated or treated with IR with 2 Gy, 0.5 or 1.0 mg/mL AC-MFB plus IR. Representative flow cytometric analysis for cell cycle
distribution 24, 48, and 72 h after radiation was demonstrated. Numeric data represented the percentage of G2/M phase. Data are expressed as mean + SD for three

independent experiments.

Abbreviations: AC-MFB, Antrodia cinnamomea mycelial fermentation broth; Gy, gray; h, hours; IR, irradiation; SD, standard deviation.

immunofluorescence (Figure 4). The Western blot assay
also showed that AC-MFB could significantly increase
v-H2AX expression, especially at 1 hour in cells treated with
AC-MFB alone; a synergistic effect was also observed with
IR at 6 hours (P=0.013 and 0.008, respectively) (Figure 5).
Using Western blotting, we also found that IR induced the
extensive expression of phosphorylated ataxia telangiecta-
sia-mutated (ATM) kinase at 1 hour (P=0.018). Pretreatment
with 1.0 mg/mL AC-MFB for 24 hours markedly reduced
this induction at 6 hours compared to IR alone (P=0.006)
(Figure 5). IR also augmented and 4C-MFB pretreatment
reduced the phosphorylation of checkpoint kinase 2 (Chk2),
a downstream DNA damage-repair molecule, although no
significant difference was observed with A C-MFB pretreat-
ment at 1 and 6 hours compared to IR alone (P=0.39 and
P=0.29, respectively). AC-MFB had little inhibitory effect
on the expression of Rad51 (P=0.25 and P=0.15, at 1 and
6 hours, respectively). There was no effect observed on the
expression of Ku70 or Ku80 in irradiated cells pretreated
with AC-MFB. The Western blot assay also showed that
pretreatment with AC-MFB alone could not only increase
p21 expression at 6 hours but also had a synergistic effect
with IR at 6 hours (P<<0.05). Pretreatment with AC-MFB
could also increase cyclin B1 expression at 6 hours, but
no enhancement was noted with IR. There was no effect
on the expression of Cdc2 in irradiated cells treated with
AC-MFB (Figure 5).

Effect of AC-MFB on tumor growth
inhibition in mice

In nude BALB/c mice-bearing CE81T/VGH esophageal
cancer cells, the oral intake of 100 uLL AC-MFB (1.0 mg/mL)
for 34 days had a synergistic effect on radiation therapy, as
shown by a delay in tumor growth. For tumors that increased
in volume by fivefold, the tumor growth delay was 19.0 days
following treatment with 4C-MFB alone, 19.6 days follow-
ing radiation alone, and 22.5 days following combination
treatment, compared with 15.2 days in the control group
(Figure 6A). There were no significant differences in the
WBC counts or body weights of the mice during the treat-
ment (Figure 6B and C).

Discussion
Our results demonstrated that AC-MFB sensitized human
esophageal cancer CE§1T/VGH (squamous cell carcinoma
[SCC]) and BE3 (ADC) cells to IR. This effect may involve
the induction of G2/M cell cycle arrest and DNA damage-
repair machinery by IR. The modulation of the cyclin-
dependent protein kinase inhibitor p21 and the IR-induced
activation of ATM and Chk2 in CE81T/VGH cells were
noted. This radiosensitization by 4C-MFB was validated
using an in vivo xenograft model of esophageal cancer.
The G2/M DNA damage checkpoint serves to prevent
the cell from entering mitosis (M phase) with genomic DNA
damage and, therefore, the G2/M phase is the most sensitive
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Figure 3 AC-MFB induced mitotic arrest morphology change and apoptosis of CE81T/VGH cell.

Notes: Cells were not treated (A, control) or treated with 0.5 and 1.0 mg/mL AC-MFB for 24 h (B), irradiation of 2 Gy (C), or AC-MFB plus irradiation (D). Arrows
indicate representative cells characteristic of mitotic arrest. (E) Cellular apoptotic percentages induced by AC-MFB. Cell image was obtained by Liu’s Stain and microscopy
at magnification x400. Cell apoptosis percentages were determined by flow cytometry with Annexin-V/PI staining. Data are expressed as mean + SD for three independent

experiments.
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Abbreviations: AC-MFB, Antrodia cinnamomea mycelial fermentation broth; Gy, gray; h, hours; Pl, propidium iodine; SD, standard deviation.
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Figure 4 AC-MFB delayed the abrogation of IR-induced expression of y-H2AX on CE8IT/VGH cell.

Notes: Cells were untreated (control) or treated with 0.5 mg/mL AC-MFB for 24 h, IR of 2 Gy, or AC-MFB plus IR. For immunofluorescent staining, cells were harvested 5 min,
1, 3, and 6 h after radiation, stained with y-H2AX antibody, secondary Rhodamine red-conjugated antibody (red), and counter-stained with 4’,6-diamidino-2-phenylindole
(blue). Original magnification x400. The time showed represent the time points of cells harvested after radiation.

Abbreviations: AC-MFB, Antrodia cinnamomea mycelial fermentation broth; Gy, gray; h, hours; IR, irradiation; min, minutes.
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Figure 5 AC-MFB regulated p2| expression, phosphorylation of ATM kinase, and Chk2.

Notes: Cells were treated with vehicle (control), 1.0 mg/mL AC-MFB for 24 h, IR of 3 Gy, or AC-MFB plus IR and then were lysed for the determination of the indicated
protein levels by immunoblotting. Actin was used as internal control. The apparent molecular weights for detected proteins are indicated. The numeric data above the bar
means the mean folds of Western blot data in different conditions compared to cells that were harvested at 0 min.

Abbreviations: AC-MFB, Antrodia cinnamomea mycelial fermentation broth; ATM, ataxia telangiectasia-mutated kinase; Chk2, checkpoint kinase 2; Gy, gray; h, hours;
IR, irradiation; p-ATM, phosphorylated ATM; p-ChK2, phosphorylated Chk2.
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Figure 6 AC-MFB effects in an animal model.

Notes: The results of AC-MFB on tumor growth (A), WBC count (B), and body weight (C) in an animal model. CE8|T/VGH-bearing BALB/C nude mice were treated with
vehicle (control), oral feeding by feeding tube with 100 uL of 1.0 mg/mL AC-MFB for 34 days, 3Gy X3 fraction in first week, or AC-MFB plus IR. Data from eight mice in each

group are presented as mean (SEM).

Abbreviations: AC-MFB, Antrodia cinnamomea mycelial fermentation broth; IR, irradiation; SEM, standard error of the mean; WBC, white blood cell.

phase to radiation.?”?® Numerous proteins and kinases are
involved in the cell cycle; cyclin B1 and Cdc2 are the main
proteins that control the G2/M phase, which is essential for
mitosis.?’ p21 is a potent cyclin-dependent kinase inhibitor
that can inhibit Cdc2 activity to cause G2 arrest.** Our results
showed that though A C-MFB upregulated cyclin B1 expres-
sion at 6 hours, p21 expression was markedly upregulated at
6 hours, which caused G2/M arrest.

Cancer radiotherapy and chemotherapy are designed to
kill cancer cells, mainly by inducing DNA damage that must
be repaired for tumors to continue growing. The inhibition of
DNA repair may enhance therapeutic effects in combination
with DNA-damaging therapy, leading to increased tumor
cell death.>! Variations in the genes involved in DNA repair
are important prognostic factors associated with the overall
survival and progression-free survival of esophageal cancer
patients treated with cisplatin.? The capacity of cancer cells
to repair IR-induced DNA damage has been demonstrated to
be associated with treatment resistance, especially in esopha-
geal cancer.® According to the DNA histogram, IR-mediated
cell cycle arrest at G2/M was sustained by 4 C-MFB priming,

indicating a possible block in the progression through
checkpoints. The results of our assessment of DNA double-
strand breakage, as measured by the expression of y-H2Ax,
indicate that 4C-MFB may increase this lethal type of DNA
damage and impair DNA repair. Among the complicated
processes involved in DNA damage repair, we found that
the phosphorylation of Chk2 and ATM induced by IR was
suppressed by pretreatment with A C-MFB. Unequal changes
in the expression of p-Chk2 and p-ATM were noted, which
might have occurred because ATM has more complicated
functions than p-Chk2 and plays roles in processes other than
the DNA damage response.** Given that ATM and Chk2 act
as sensors and transducers of DNA damage, AC-MFB may
affect DNA damage repair during an earlier phase of the cell
cycle. Although the expression of Rad51 is known to be cell
cycle-dependent and is higher in the S and G2/M phases than
in the GO/G1 phase,* as noted in our cell cycle experiments,
there was no significant inhibition of Rad51 observed in this
study based on our Western blotting experiments.

Taken together, these results suggest that AC-MFB
may sensitize esophageal cancer cells to radiation therapy,
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accompanied by both the upregulation of p21 expression-
induced G2/M arrest and the modulation of DNA damage
repair induced by IR.

Although surgical resection is the optimal treatment for
patients with localized cancer of the esophagus, only 20% of
patients are found to have truly localized esophageal cancer at
diagnosis.*® In clinical practice, IR plays an important role in
the management of the majority of esophageal cancer patients
with unresectable or locally advanced disease. However,
long-term survival is still rarely achieved. RTOG trial 85-01
and others have demonstrated the survival benefits of CCRT,
but the high local regional relapse rates and mortality rates
remain unsatisfactory.’” The incidence of esophageal ADC
has risen rapidly over the past 25 years in the US as well as
in several Western European countries. In contrast, the major
histological type of esophageal cancer in Asian countries is
SCC. To address this discrepancy, we examined the inhibi-
tory effects of 4C-MFB against esophageal cancer using both
an SCC-derived cell line (CE81T/VGH) and an ADC-derived
cell line (BE3). Our in vitro results showed that AC-MFB
could inhibit cell viability and enhance the effects of IR in
both SCC and ADC. Pretreatment with 0.5 mg/mL AC-MFB
had more robust inhibitory effects on radiation survival in
SCC compared with ADC cells, with a higher sensitizer
enhancement ratio (1.91 vs 1.54, respectively). In the cell
cycle distribution assay, pretreatment with 1.0 mg/mL AC-
MFB maintained the proportion of G2/M cells at 25.9% at
24 hours and 25.2% at 48 hours, whereas the proportion
decreased to 15.5% at 72 hours in CE§1T/VGH cells after
IR. Therefore, we will focus on the synergistic effects of IR
and AC-MFB on esophageal SCC in a future animal study.

A. cinnamomea is a medicinal fungus commonly used in
traditional Chinese medicine in Taiwan. A mixture containing
an A. cinnamomea extract prepared as an herbal formulation
in traditional Chinese medicine may have the advantage
of multiple target regulation, in contrast with single-target
antagonists. Several problems, including unknown multiple
constituent mixtures, an unknown mechanism of action, vari-
able raw material quality, and difficult analytical methods, limit
its further research and clinical use. The limitation of our study
is that although A C-MFB is considered to be a biotechnologi-
cal product with stable quality in terms of harvesting, drying,
storage, transportation, and processing, it contains multiple
constituents and thus may act through multiple mechanisms.

The arrest of cell cycle progression in G2/M, which is the
most radiosensitive phase, is one strategy to sensitize tumor
cells to radiation. AC-MFB augmented radiation-induced
cell cycle arrest at the G2/M phase at 48 hours, thus making

the cells more sensitive to the subsequent dose of radiation
during fractionated radiotherapy.

Our results showed that A C-MFB may sensitize CE§1T/
VGH and BE3 human esophageal cancer cells to IR. This
effect may involve the modulation of p21-mediated G2/M
arrest and IR-induced ATM and Chk?2 activation during the
repair of DNA double-strand breaks.

Conclusion

AC-MFB, a medicinal fungus from Taiwan, synergistically
enhanced the radiosensitivity of esophageal cancer cell
lines. In both human CE81T/VGH squamous and BE3 ADC
esophageal cancer cells, our results showed that AC-MFB
pretreatment could enhance cell cycle arrest at the G2/M
phase, delay the abrogation of y-H2AX, and attenuate the
radiation-induced phosphorylation of ATM kinase and
Chk2. In addition, an in vivo study showed that AC-MFB
treatment tended to have a synergistic effect with radiation
on the tumor growth delay of CE§1T/VGH cells in BALB/c
mice. Subsequent clinical trials evaluating the radiosensi-
tization effect and the toxicity of 4C-MFB in esophageal
cancer are warranted.
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